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Three Dimensional Surface Drawing Controlled by Hand Motion 



CROSS-REFERENCE TO RELATED APPLICATIONS 
This application claims benefit of U.S. Provisional 
Application No. 60/118,196, filed February 1, 1999. 



The state of the art in three-dimensional modeling can 
represent a variety of complex smooth surfaces. When artists 
and designer s ■ create shapes with these techniques, it is 
often observed that often the method of surface 
representation restricts the ways in which a shape can be 
modeled . 

Traditional spline-based modeling can be used to 
represent many different shapes, for example. A user often 
needs to think of the most efficient way to represent a 
shape before beginning the modeling process. However, 
changing directions once in the design process often 
requires a drastic change in the underlying placement of 
patches and may require extra work. The traditional shape 
modeling approach of the graphics and CAD communities is 
fundamentally different from the approach taken by the 
artistic community . 
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SUMMARY 



The present application describes a system of Surface 
Drawing that allows creating shape in which surfaces are 
created by moving a locally two-dimensional object through 
three-dimensional space . 



These and other aspects will now be described in detail 

with respect to the drawings in which: 

Figures lA and IB shows using the inside of the hand 

surface to model form surfaces; 

Figure 2 shows the responsive workbench which forms the 

exemplary input devices- 
Figure 3 shows defining the hand shapes- 
Figures 4A-4D shows and overview of the present system 

of forming shapes; 

Figure 5 shows a flowchart of the Cookie Cutter 

technique; 

Figures 6A-6D illustrate finding and replacing mesh 
parts ; 

Figures 7A and 7B show finishing surface parts; 
Figure 8 shows how triangles are flipped; and 
Figures 9A-9C show tools formed from and positions; 



BRIEF DESCRIPTION OF THE DRAWINGS 



2 



.Attorney Docket No . ^||^618/414001/CIT2945 

Figure 10 shows a collection of physical props used for 
interaction with the system according to a second 
embodiment; 

Figure 11 shows boundary strokes; 

Figure 12 shows triangulated strokes; 

Figures 13A-13C shows steps of adding a surface; 

Figure 14 shows building paths; 

Figure 15 shows inverting a mesh into a manifold; 
Figure 16 shows border edges; 
Figure 17 shows concatenating rings; 
Figure 18 illustrates ring tessellation; and 
' Figure 19 illustrates a mesh. 

DETAILED DESCRIPTION 

The pencil is perhaps simplest of all modeling tools. 
It is an extraordinarily effective conduit for artistic 
expression. Part of the reason for this is its simplicity. 
Another reason for its success is the close relation between 
an artist's perception, and the action and the forms the 
pencil produces. 

This link yields direct control over all aspects of 
form in a two dimensional drawing tool. Surface Drawing, 
which is described herein, provides direct control over 
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three-dimensional space in an analogous way to how a pencil 
commands two-dimensional space. 

Surface Drawing uses motions of the human hand to 
describe shapes. As the hand is moved in a semi-immersive 
environment, a surface is grown by adding the shape defined 
by the hand movement at each sampling interval. The 
versatility and natural understanding of the hand, combined 
with the simplicity of this process, allows for an intuitive 
modeling process in which the user can think perceptually 
about a shape while constructing the shape. While the 
resulting surface might not meet certain analytic criteria, 
such as curvature continuity, forms can be constructed with 
gestural, emotive qualities that are difficult to achieve 
with traditional surface modeling tools. This system has 
both the ease of use that novices expect and the control 
that experts demand. These tools support conceptual design 
and the artistic process- These methods are distinct from 
those focusing on exact specification of geometry, as needed 
in traditional CAD. 

Perceptual Thinking 

In his seminal text "Visual Thinking", Arnheim 
describes the importance of perception in our thought 
processes : 
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"The cognitive operations called thinking are not the privilege of 
mental processes above and beyond perception, but the essential ingredients 

OF PERCEPTION ITSELF." 

Visual thinking can be expanded to include all of the 
senses (including proprioception) in what we call perceptual 
thinking. Perceptual thinking is a process in which 
understanding is achieved through direct perception, without 
being translated into a higher linguistic or mathematical 
form. In a problem solving environment, application of 
perceptual thinking minimizes the distance between 
perception and the artifact being created. 

Consider the example of describing a set of points on a 
two-dimensional grid for later display. A weak perceptual 
interface for this task would be to write down coordinates 
for these points or enter them with a keyboard, only 
allowing the user to see them after the input is complete. A 
strong perceptual interface would be to draw the points on a 
piece of paper, or allow the user to enter them with a 
touch-sensitive computer display. The latter form of 
interaction gives the user a much stronger aesthetic control 
over the points being described . 

Applying these principles, the present application 
develops the following guidelines for an interactive 
modeling system: 
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Invisible mathematical structure 

The behavior of the modeling system should be based 
upon simple physical interactions that are understood via 
direct perception. The user should think primarily in terms 
of the model being created, instead of a structure that must 
be created to support that model. Any mathematical structure 
that exists should support arbitrary changes in the model in 
a way that is transparent to the user. 

Direct primitives 

Presenting an artist with a series of complex 
primitives (sphere, cube, cone, etc.) forces thought in 
terms of these primitives. Unless the solution space 
inherently includes these primitives (packing oranges or 
stacking bricks) they will only take the user a step away 
from the form of a model. Primitives should be the essential 
constituent parts of the modeling space. 

The interface should make it easy for the user to 
observe the object being modeled in term of its number of 
dimensions. The modeling tool should have easy control over 
all of its degrees of freedom. 

The modeling operations should consist of few tools. If 
the number of such tools is large, thought must be used to 
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decide which tool to use, instead of contemplating the 
object being modeled. 

Requiring an artist to create a simple object and then 
edit it repeatedly to get the shape they desire forces many 
unnecessary intermediate perceptions which have little to do 
with the final product. Tools should be capable of 
sophisticated creation during the early stages of design. 

Sensory completeness - The visual, haptic, and other 
senses should be used to better understand the model being 
created . 

A trained artist holds a pencil such that the contact, 
between the pencil and the paper (two-dimensional space) is 
in the form of a line. In the present Surface Drawing 
technique, the metaphor is extended. The contact between 
the user and three-dimensional space is a plane. Drawing 
with a pencil is much like adding locally one-dimensional 
coordinate patches to a one-manifold. Modeling surfaces is 
the process of making two-manifolds, and Surface Drawing 
does this via the natural extension of adding two- 
dimensional coordinate patches. In short, this system views 
drawing as the development of a manifold with codimension 
one . 

An embodiment uses the inside surface of the hand to 
form the modeled surfaces as shown in Figure lA and IB. The 
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motion of the hand shown in Figure lA defines portions of 
surfaces as shown in Figure IB. The hand moves to define 
the tangent plane of the surface being created^ analogously 
to a pencil moving in the tangent line of a curve drawing. A 
few hand motions can be combined rapidly to form a much more 
elaborate surface . 

The input device needs to be able to track hand 
movements. The Responsive Workbench, shown in Figure 2 is 
used as the input device in this embodiment. Its horizontal 
top surface measuring * 1 . 8 x 1.35 m displays alternating 
left/right stereo images which are viewed through 
magnetically tracked shutter glasses. The position and 
orientation of the interface tools include a stylus 210 and 
.glove 212. These are also sensed with magnetic trackers 
214. Other input devices which supports multiple degrees of 
freedom on input and three-dimensional viewing of objects 
can be used. For example, five degrees of freedom, six 
degrees of freedom or seven degrees of freedom are the most 
common values. 

In this multiple dimensional environment, there is a 
perceptual connection between the form of the hand as it 
moves through space and the surface that is generated. This 
perceptual creation, along with the perceptual viewing of 
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the model, allows shapes to be understood at a deep level 
while they are created. 

The system is used to construct surfaces as follows. 

Data from the tracker and glove is used to create a 
mesh of triangles that describes the surface being drawn. 
From the user's perspective, the hand is acting as a guide 
for a plane. To construct a surface efficiently, the hand is 
viewed as a group of samples consisting of position and 
orientation, shown in Figure 3. Placing these samples as 
points in three-space, without connecting them, does not 
give a strong sense of the underlying surface being formed. 
A special "Cookie Cutter" technique incrementally constructs 
a surface from these samples. This problem is similar to the 
well-studied surface reconstruction problem with some key 
differences exist between the traditional reconstruction 
setting. 

In the present system input Data, normal vectors, in 
addition to positions, are given; 

Locality: since the sample points are added 
interactively, global information about the sample set is 
not used; 

Speed: the construction must be performed within tight 
delay and update limits to sustain the illusion of virtual 
reality. 
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Figures 4A-4D show an overview of the Cookie Cutter 
technique. A surface patch 400 (shaded) near the new sample 
is identified in Figure 4A. This patch is projected onto 
in Figure 4B_ At Figure 4C, the data is retriangulated . 
Finally, Figure 4D shows moving the data back to the 
original mesh- 
Approaches to reconstruction that use three-dimensional 
triangulation are known, including Edelsbrunner ' s alpha 
shapes and Amenta's crust algorithm. These have high 
computational costs. The Cookie Cutter technique avoids this 
overhead by retriangulating in two dimensions. Further 
detail of the construction process is described in the 
following . 

The incremental Cookie Cutter technique takes an 
existing mesh of samples S, Edges E, and triangles T, 
M=(S,E,T), and changes it to reflect the addition of a new 
sample x. A sample is a position in and a corresponding 
unit normal vector indicating direction, x=(Xp,Xd). After 
receiving x, the Cookie Cutter algorithm carries out the 
process of Figures 4A-4D, as shown in the flowchart of 
Figure 5. At step 500, the find neighborhood process is 
carried out. This is done by identifying a neighborhood of 
samples Ns(x) cz S to which the new sample x should be added. 

At step 505, the proper surface region is identified. 

10 




Attorney Docket No.ij 



18/414001/CIT2945 



The triangles Nt(x) c T that correspond to this 
neighborhood are found, along with a number of boundary 
edges Ne(x) c E describing the boundary of the surface 
region being removed. 

Step 510 ensures the non-degenerate projection. 

If any of the triangles Nt(x) will be flipped upon 
projection into the plane defined by xd, the neighborhood 
Ns(x) is reduced, and both Nt(x) and Ne(x) are updated. 

Step 515 carried out a cut in which the identified 
triangles Nt(x) are removed from the mesh M. 

At step 52.0, each sample in Ns(x) and each boundary 
edge in Ne(x) are projected back into the plane defined by 

Xd. 

This information is triangulated at step 525. The 
projection of is triangulated using a two-dimensional 
Delaunay triangulation with some modifications; 

Step 530 Unprojects by mapping each resulting Delaunay 
triangle back to R"^ by the implicit association through 



Ns(x) . 



Each of these steps is now described in detail. 



Find neighborhood 
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Given a new sample x, its sample neighborhood Ns(x) 
includes all samples that satisfy the following two 
conditions : 

1 |xp - S^pl I < dmax and |xd • S^'dl > cos (Gmax) 

Where | | * | | is the standard Euclidean metric. Samples 
satisfying these conditions are shown as heavy dots in the 
example of Figure 6A. In practice, dmax=5cm and 0max=6O° have 
been found to work well. These conditions choose a 
neighborhood that is near the new sample both in terms of 
position and orientation. As shown in Figures 7A and 7B, 
this mixed distance/orientation criterion allows effective 
processing of regions of high curvature or of intersection 
of multiple surfaces. Surface parts with opposite 
orientations that are arbitrarily close to one another can 
be handled. 




The Find surface region of step 505 looks at the 
triangle neighborhood Nt(x) which consists of triangles 
whose vertices are all in Ns(x). Nt(x) is shaded in Figures 
8A-8D'. This represents the set of triangles that might be 
changed when Ns(x) is retriangulated . While finding Nt(x), 
an array of signed edges, called boundary edges Ne(x), is 
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filled with edges of triangles that contain only two points 
in Ns(x). Boundary edges are represented as arrows in Figure 
6(a). A boundary edge is a segment of the boundary between, 
the surface neighborhood of x and the remainder of M. The 
set of boundary edges around a given sample forms our cookie 
cutter. Each boundary edge is oriented using the third 
vertex of the triangle that was found to contain only two 
neighborhood samples. This orientation is used to prune 
triangles formed outside of the boundary in the 
retriangulation process and to ensure a non-degenerate 
pro j ection . 

Ensure non-degenerate projection 

In cases of high curvature and sample noise, projection 
onto the tangent ' plane of x can flip triangles when they are 
projected in the tangent plane. This situation is shown in 
Figure 8. In practice, this situation occurs quite rarely. 
However, when it does happen, it causes a hole in mesh M. 
Step 510 checks for this problem by storing an orientation 
tid for each triangle in t. Each triangle normal t^d is 
chosen using the orientation of M. If t^d • Xd < 0 for any 
triangle in t, dmax is reduced and Ns(x), Nt(x) and Ne(x) are 
recomputed . 
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Cut 

The cutting step 515 removes the triangles in Nt(x) 
from .the mesh , 

Project 

After correctly calculating a neighborhood, the local 
surface region or "cookie" is ready for retriangulation at 
520. Basis vectors on the tangent plane of x are chosen, and 
each point in Ns{x) is given coordinates in terms of these 
vectors. The edges Ne(x)that define the boundary are also 
projected onto the tangent plane at x. The orientation of 
any boundary edge ei e Ne(x) can flip upon projection, in a 
fashion similar to that of a triangle flipping. A dot 
product test similar to that for triangles is performed. 
Failing the test causes the orientation of the associated 
boundary edge e^ to be changed, to ensure correct behavior. 

Triangulate 

Figure 6(b) shows an example of a two-dimensional 
Delaunay triangulation . Note that it may contain triangles 
that are outside of a boundary edge e.g., shown in Figure 
6(c). These are removed to preserve the cookie cutter 
outline of the neighborhood that was originally removed from 



14 



Attorney Docket No . :^^18/4 14 001 /CIT294 5 

the mesh. After this cleanup the triangles are ready to be 
reinserted into the original mesh as shown in Figure 6(d). 

A problem with traditional Delaunay triangulations is 
that the resulting triangulation is always convex. Users 
often make planar regions with concave boundaries which 
should be reflected in the mesh. Removing triangles such as 
the triangle in the lower right-hand corner of Figure 6 (c) 
whose associated circumcircles have prohibitively large 
radii e.g. larger than 2-5cm allows the boundaries of meshes 
to be concave . 

Unproj ect 

The vertices of triangles in the ret riangulation are 
all associated with samples in the original mesh through the 
tangent plane projection. Each of these samples are mapped 
back to their original locations in R^, moving the new 
triangulation into the three-dimensional space in which the 
user is working. 

The Cookie Cutter approach uses sample neighborhood 
construction and boundary computation. Using orientation 
information to prune the Euclidean neighborhood allows 
planar subsets to be found in many difficult regions, such 
as neighborhoods with intersecting or almost-touching 
surfaces . 
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Storing a boundary allows a very efficient local 
retriangulation process. The Delaunay triangulation is 
O(nlogn) with a typically small n. The other steps are 0(n) 
all with the same small n. The construction of the sample 
neighborhood Ns(x) is optimized with a regular grid spatial 
data structure. 

Unlike the surface reconstruction setting, where the 
data can be assumed to come from a clean surface, the Cookie 
Cutter algorithm has to deal with "messy" samples. This is 
due to the inherent noise in the tracking system and the 
unsteadiness of users' hands in this environment. 

This technique forms clean surfaces the majority of the 
time. Holes and nonmanifold topology may occur about one' 
percent of the time (one bad vertex per 100 vertices) . 
These situations can be easily fixed by a user. Automatic 
mending is also contemplated. 

Noise also causes the meshes to be quite bumpy at 
times. Thus, we apply a simple Laplacian mesh smoother as 
described can be used as a post-process. 

As discussed above, specific hand positions are tracked 
to form the user interface. These hand positions can also 
be used for adding geometry, for an eraser to remove 
geometry, and as a simple manipulation tool. The tools that 
affect geometry can accessed with three hand configurations 
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shown in Figure 9A, 9B and 9C. The manipulation tool is 
assigned to a magnetically tracked stylus. 



Primary input 

The choice of hand samples is important in allowing 
geometry to be placed effectively. The present application 
samples the index finger and the palm of the inside surface 
of the hand as shown in Figure 3. Normals are taken as the 
normals of the outer surface of the hand. The user moves the 
hand as if running it across the object being created, in a 
direction perpendicular to the plane along which the finger 
bends. This allows the description of surfaces with a 
considerable range of curvature. With this system, drawing 
can be easily started and stopped by pressing the thumb 
against the index finger (see Figure 9 (a) ) . Since the 
elastic tension in the CyberGlove naturally holds the thumb 
in the "off" position, users rarely draw accidentally. Users 
can learn this on/off mechanism quite readily. 

Eraser 

Users often want to correct or remove regions of a 
surface that they have made. Rather than introducing complex 
editing semantics, a simple spherical eraser tool is used. 
It is moved through 3D space, deleting geometry in its wake. 
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All the samples and their associated triangles that are 
within the sphere of the eraser are removed. 

The user switches from draw mode to erase mode by 
bending the metacarpophalangeal joints on the 4th and 5th 
fingers while keeping the other fingers straight as shown in 
Figure 9B. Erasing is also activated by pressing the thumb 
against the index finger. Since geometry can be added with 
ease, this simple means of editing is sufficient. 

Manipulation 

The user frequently needs to work on the model from 
different views, requiring the ability to translate and 
rotate. In a 3D semi-immersive environment it is quite 
natural to accomplish this with a virtual stick which can be 
'"poked" into the object. The object then follows the 
position and orientation of the stick, providing a direct 
manipulation ability. A tracked stylus can be used, which 
the user holds in the subdominant hand while creating 
geometry with the dominant hand. 

Detail input 

Users often want to add small details to their models. 
The current system allows users to add small pieces of 
surface used the tip of the index finger. This mode is 
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accessed by bending the 3rd, 4th, and 5th fingers while 
keeping the index finger straight as shown in Figure 9C. The 
hand is sampled as before but the samples from the distal 
phalanx are used. 

The concept of finger portions can also be used to 
select and effect other input modes. 

Discussion 

In our experiments we found that this interface was 
learned quite readily. One of the nice features of this 
system is that there is no stored interface state. The hand 
configuration affects how the drawing happens, and the user 
is never asked to perform a mode switching action requiring 
a movement away from the object. The manipulation task, 
which does not require high precision, is 
assigned to the subdominant hand. Moving geometry is 
necessary for both drawing and erasing, and this two-handed 
interface ensures that the stick is always accessible. 

The modeling guidelines discussed above are discussed 
herein . 



Invisible mathematical structure 

There is no underlying structure on the mesh of the 
present invention. The user does not have to think about 
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coordinate systems or control vertices. The only structure 
that is present is orientation. With tracker noise and a 
modest sampling rate, this is necessary to enable surfaces 
to touch without merging. Shading the two sides of surfaces 
differently gives a direct perceptual cue to this 
orientation, and we found that the concept was understood by 
users . 

Direct primitives 

No predefined surfaces are used as starting points for 
modeling, nor are they combined to form more complex 
objects. The primitive in this approach, from the user's 
point of view, is a small locally two-dimensional patch 
which, as manifold theory indicates, is the elemental 
component of a surface. 

Full dimensions 

The tracked hand moving in space together with the 
stereo view give our implementation full dimension. 




Small toolset 

Our entire interface for manipulating and creating 
geometry consists of four modes/tools: primary input, 
erasing, manipulation, and detail input. These modes are 
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easily accessible via a change in hand position, and do not 
require any operations, such as selecting' a menu, before a 
tool can be used. 

Direct creation 

Our system provides a highly versatile method for 
creating form. Changing models during the early stages of 
ideation is more a process of creation than editing. 

In our system there is essentially no dependence of the 
final shape on the history of its creation, fully supporting 
users changing their minds as they model. 




Sensory completeness 

The use of the hand allows the sense of proprioception 
to be used. The visual image of the model matches the 
positions of the hand, forming a sensory loop. 

Second Implementation 

A second implementation described herein, has the 
following key differences 
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• a complete hand path is taken as a ''stroke", which is 



• a new technique is used to fuse a stroke onto the mesh 

• physical props are used for interaction 

• a new smoothing operator is used to fix the mesh 

• a technique is disclosed for this smoothing operation 

• a new drawing technique discloses the ability to overdraw 
in order to correct a shape 



A collection of physical props is shown in Fig 10. 
These tools are used' for editing operations, to cut down on 
interface-induced cognitive overhead so that all effort is 
focused on the creative process. A single pair of '"tongs" 
1002 is used for 6-DOF motion. Tongs are used for 
positioning and scaling. When a pair of tongs is squeezed 
shut, the user can translate and rotate the model. If both 
pairs of tongs are used together, this specifies two anchor 
points with which the model can be scaled, rotated, and 
translated. A spherical ball 1005 serves as an eraser, 
removing geometry wherever it touches the model. 

A "sponge" 1010 is swept over the model for smoothing. 



The sponge's physical squeezability is used to activate the 



fused to the mesh when it is completed 



Props 
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smoothing operation. Furthermore, the sponge itself carries 
the semantic connotation of cleaning or polishing, which 
can also help. The same kind of physical affordance is used 
in a squeezable ball that acts as an eraser. Though these 
tools share a physical affordance, their distinct shapes 
indicate their differing functionality. 

The use of props in Surface Drawing allows for direct 
manipulation of the model. Proper tool design allows the 
user to incorporate knowledge of the tool's syntax into 
physical memory. In this case, the user no longer thinks 
about how to operate the tool, but instead concentrates on 
the task at hand. The physical configuration of the props 
at a given time indicates the interface state. 

A physical-digital . obj ect can be thought of as ''a 
physical object whose form and materials are designed to 
enable people to directly access and manipulate digital 
information as though it were tangible.'' The props 
disclosed here follow the physical-digital object. The 
physical actions for smoothing, erasing, and moving the 
model are tightly coupled with their respective digital 
operations. Since tools sometimes need to pass through 
drawing regions to access certain areas of a model, they 
cannot be continuously operative. Hence tools are 
activated through squeezing. 
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The present application teaches after a stroke is 
finished, it is fused to the current drawing using a fusing 
algorithm described herein. A technique of overdrawing is 
also described herein. 

Erasing: Erasing is trivially implemented by removing all 
triangles that are within or partially whithin the sphere 
defined by the outside of the erasing ball. 

Smoothing: Smoothing is accomplished with a simple 
Laplacian operation. In topologically degenerate 
situations, the smoothing operation leverages the 
algorithm described in Section herein, to convert the 
mesh into a topological manifold. 

Translating, Rotating, Scaling: The tongs apply 
transformations to the mesh'. These transformations which 
are computed using standard transformation matrices. 




Stroke Fusing 

Figure 11 shows fusing: After a stroke is placed as 
shown on the left, portions of its boundary which are near 
enough to the extant drawing are joined to the drawing 
shown on the right by associating the boundary of the 
stroke with a path on the drawing. 



24 



Attorney Docket No. : 




18/414001/CIT2945 



A stroke is started by closing the thumb five samples 
are accumulated along the index finger and palm at adaptive 
sampling intervals until the thumb is released. This path 
defines a stroke. The stroke is fused to the drawing as 
shown in Figure 11. The stroke is represented as a 
collection S = (Vg, Ts, B) of vertices, triangles, and 
boundary vectors. The vertices VgCR"^ include the original 
hand samples. The triangles Tg are triples that index into 
Vs. The boundary vectors (b, b' ) eB associate a vector in 
the tangent plane of the stroke with a vertex on the 
stroke's boundary, as shown in Figure 11. 

Figure 13 shows: A new stroke (center; Fig 13B) that 
merges two disconnected regions of the drawing. S8 (a) 
shows that using boundary vectors (arrows), the boundary 
points are matched with corresponding samples. Matched 
samples are represented as circles. Empty circles represent 
samples on the drawing with no matches. S8 (b) shows the 
matching samples being connected to form path pairs. Note 
that forming these paths requires the inclusion of extra 
samples (shown as squares) on the drawing. The stroke 
boundary is subdivided to accommodate these samples. S8(c) 
shows triangles are formed between path pairs. These new 
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triangles, along with the triangles in the stroke, are 
added to the drawing. 



This stroke S is merged with the current model by 
associating a path on S's boundary with a path on the 
drawing. An example of a stroke merging two unconnected 
drawing regions is shown in Figure 13. Given a drawing D = 
(Vdf Td) , we find a set of ordered points M that lie in one- 
to-one correspondence with the entries of B. These matches 
are a function of both the stroke boundary and the drawing. 
The matches meM have the property that 



If the minimum distance is above a preset threshold mi is 
set to NULL. The distance metric d consists of four parts 

d = a,(l-A'b")-^a^{l-A'v") + a^(n'A)-^s\\A\\ 

0 

with A=bi-v. The first three components measure the distance 
on between A and (i) the tangent plane defined by bi * s 
normal b^; (ii) the tangent plane defined by v^; and (iii) 
the plane n defined by b'l and the normal vector at bi . 
Finally it takes the Euclidean distance | |a| | itself into 
account. Normal vectors are estimated by averaging incident 
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triangle normals. The values for the weights are biased 
toward the boundary vectors, with ai=0.5, a2=0,3, and 
a3=0.2. The scale factor s is inversely proportional to the 
scale of the model. Hence, the Euclidean distance is always 
measured relative to the user^s hand and not to the 
particular absolute scale of the model. 

Path Generation 

Once the matches are found, the list of stroke border 
points bi is iterated as e B. Let bi be a sample with a 
match mi + 1 ^ NULL. The operation occurs by starting two 
paths: bPath on the stroke boundary and mPath, built from 
the set of matches M on the drawing. The operation 
continues to the next sample bi+i on the stroke boundary. If 
this sample has mi+i / NULL, the operation searches for a 
connection from mi to mi+i . In the common case that mi and 
mi+i share an edge, mi+i is added to mPath and bi+i is added 
to bPath. 

If the shortest path from mi to mi+i contains multiple 
edges, the extra samples along that path are added to mPath 
before adding mi+i . Concurrently, the stroke boundaries are 
subdivided so that it has the same number of samples 
between bi and bi+i; these new samples and bi+i are added to 
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bPath. Finally these individual paths are stored in path 
sets bPaths and mPaths, as illustrated in the following 
pseudocode . 



BuildPaths (S, B, D, M) 
prevM = NULL; 

for (i=0... size (B) ) { 
if (prevM !- NULL) { 

shortestPath = BestPath (prevM, mi) ; 
if (shortestPath. length ( ) < L) . { 
n = shortestPath . nVertices () ; 

newStrokePath = SubdivideStroke (bi, bPath.end(), 
n) ; 

mPath.push (shortestPath) ; 
bPath.push (newStrokePath) ; 

} 

else if (! mPath . empty () ) { 
mPaths .push (mPath) ; 
mPath . clear ( ) ; 
bPaths .push (bPath) ; 
bPath . clear ( ) ; 

} 

} 

mPath . push (rui) ; 
bPath .push (bi) ; 
prevM = lUi; 

} 



The algorithm BestPath(p, q) looks for a path between two 
vertices (p, q eVg) in the drawing in a greedy fashion, 
repeatedly choosing the closest vertex in the direction of 
q. SubdivideStroke (p, q, n) subdivides the edge between two 
adjacent vertices p and q on the stroke boundary, adding n 
new samples. An illustration of two iterations of this 
algorithm is given in Figure 14 which shows Two steps of 
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the algorithm build paths which constructs matching paths m 
path and B path on the drawing and the stroke boundary, (a) 
The paths are grown by adding samples mi. (b) The paths are 
grown by adding an intermediate sample to each before 
adding mi and bi . The stroke is subdivided to generate its 
intermediate sample . 

Triangulation 

Once the path sets mPaths and bPaths have been constructed, 
triangles are generated between each pair of paths. These 
triangles are formed by marching along the path pairs and 
connecting corresponding vertices. Note that an mPath will 
sometimes contain repeated elements. This situation is 
detected, and the degenerate triangle that would result is 
not added. These new triangles, along with the stroke's 
triangles, are added to the drawing to complete the stroke 
fusing operation. 

Discussion 

Comparing the stroke fusing approach to zippering 
raises the issue of the application of stroke fusing to 
range image integration. Here, stroke fusing has the 
advantage that it does not need to identify a coherent 
surface region that it is joining. 
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Surface Smoothing is shown in Figure 15 in which a 
topologically degenerate mesh region (left) is converted 
into a manifold. 

The problem of generating smooth meshes without 
topological degeneracies is a fundamental issue of the 
Surface Drawing implementation. Due to the complexity of 
the unstructured mesh setting, operations with proven 
guarantees may be necessary. Developing such a structure is 
quite difficult because hand motions can be combined in 
arbitrarily complicated manner. 

A strong topological restriction limits surfaces to 
topological manif olds-without-boundary . Since hand motions 
create patches and not volumes, this guarantee cannot be 
achieved during incremental construction. Alternatively 
surfaces may be generated that are manif old-with-boundary . 
The present invention has, experimented with such 
algorithms and the inventor discovered that this 
restriction is not sufficient. Boundary regions within the 
interior of a mesh can easily get tangled in certain ways. 
Objects which are not manifolds may exist that the user 
might want to create. Control of topology is put in the 
hands of the user with an operation that provably converts 
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a local neighborhood of an unstructured triangle mesh into 
a manif old-without-boundary . In practice, sweeping this 
tool across a drawing turns a large region into a manifold- 
without -boundary . 

Properties of this algorithm. First, we make the 
assumption that the neighborhood should be converted into 
an approximately planar region. This is indicated in the 
interface by grouping this operation with the smoothing 
tool, and representing it with the application of the flat 
face of a sponge. A region can be converted to a 
manifold. All of the triangles in the neighborhood are 
removed replaces them with a manifold region. The present 
system solves the more difficult problem of making this 
manifold region connect with the surrounding mesh. 

Furthermore, applying the operation to a region that 
is already a manif old-without-boundary will maintain the 
mesh*s manifold status. 

In addition, if a portion of the region contained 
within the sphere of operation is manif old-with-boundary, 
it will remain so. Then the manifold region will be 
extended throughout the sphere. 

The cutting algorithm is global and converts an entire 
mesh into a manifold in the topological sense. This is done 
primarily by duplicating vertices and edges. In Surface 
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Drawing, duplicating vertices does not make a mesh look any 
smoother to the user; indeed the duplicated topology is 
often not wanted and should be removed. 



Overview 

The technique acts on an open neighborhood Br(x) = {v € 
Vd s . t . ||d - x|| < r}. The basic idea is to find a closed 
ring in the mesh that is slightly outside of the 
neighborhood. If such a ring is not found in the mesh, the 
ring is constructed with heuristics. Tessellating this ring 
forms a disc, guaranteeing that the area in the 
neighborhood is manif old-without-boundary (since the 
boundary is outside of the neighborhood) . 



In cases where the original mesh is locally manifold, 
the removal of a disc is followed by the tessellation of 
that disc, leaving the mesh in its original manifold state. 
In cases where some manifold geometry goes through the 
neighborhood boundary, this manifold region is joined to 
the manifold geometry created within the neighborhood. 

Throughout the algorithm, we- make decisions based on 
the least-squares plane of the neighborhood, ^'LSQ". 
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Finding Border Edges 

Figure 16A shows a set of border edges (bold lines) 
that are discovered around the neighborhood By(x). Fig. 16 B 
Sc C show edge splits are applied to triangles which are 
relatively large. 

We begin by finding a set of border edges E that lie 
slightly outside of the operation's neighborhood, so that 
manifold geometry that is created can merge with the 
drawing. We take all triangles with one vertex inside Br(x) 
and two vertices outside and add each edge completely 
outside of the neighborhood as a border edge. These edges 
are depicted as bold lines in Fig. 16A. 

E = {e^ iij) 3(i,j\k) e Tj,\\v- -x\\ >r,\\vj -x\\ > r,\\vf^ -x\\ <r 

Finding such edges is accomplished by a search over 
all triangles in the mesh; a spatial data structure is used 
to do this efficiently. This approach has problems when 
triangles are larger than the neighborhood; this case 
occurs when a triangle (i, j, k) is inside Br(x) but all of 
its vertices are outside of the neighborhood ( M vi - x | | > 
r, I I Vj - X I I > r, I I Vk - x I I > r) . Ignoring such a triangle 
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hurts our operation as adjacent triangles could fail to be 
connected. We treat this situation by performing edge 
splits as shown in Figures 16B - 16C. An edge e is split 
by adding the closest point on e to x (p = argminpee I Ip - 
x| I) . These edge splits are performed before the border 
edges are collected. 

Figure 17 shows on the left^ an open ring is only 
concatenated when Oi < O2 and O2 < O3. On the right, instead 
of adding an edge with a prohibitively large angle (dashed 
line) that would lie inside the circle, the square vertices 
are added. 

Building Rings 

We define a ring r to be a collection of edges r = {ei, 
e2f ... en}- Letting e[l] and e[2] be the vertices of an edge, 
a ring has the property that ei[2] = ei+i[l], Vi €{1, n-1}. 
A ring is called closed if it has the additional property 
that en[2] = ei [1] . 

We build a set of rings R over the set of edges E by 
joining edges with a common vertex. When three or more 
border edges share a vertex we discard the edges with the 
shortest-length projection on least-squares plane LSQ. 
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To aid in piecing multiple rings together, we assign 
each ring r with an orientation based on its starting and 
ending vertices ei and en, and the normal LSQ.n of the 
least-squares plane. For each open ring, if the test 
((^1 - jc)x - x)) • {LSQm) > 0 

fails, we reverse the order of a ring. 

Merging Open Rings is next described if no closed 
rings exist in the drawing, we construct one by merging 
open rings. We initialize the soon-to-be-closed ring as the 
maximum-length open ring. This currently-open ring is grown 
by repeatedly adding the optimal open ring to it. An 
optimal ring is the maximal-length ring that satisfies the 
following criterion, depicted on the left of Figure 17. 



This test indicates that this new ring is not likely 
to overlap with c. We add such a new ring r to c by first 
adding an edge (c.end, r. start), and then adding each of 
r*s edges (in order) to c. 

When can be grown no more, we close it by joining its 
endpoints. In some cases, such as the right of Figure 17, 



Z(c. end, r. start) < Z(c. end, r.end) 



Z(c.end, r.end) < Z(c.end, c. start) 
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such a join would go through the center of the sphere. This 
situation is handled by the addition of vertices. 

Tri angulation 

Once we have a closed ring, if there were few vertices 
in the neighborhood, we form triangles between each of the 
edges of and the center x. This called Triangulation and 
is shown in Figure 18. The speckled triangles in the left 
image represent a simple tessellation of a ring. If the 
original neighborhood has a large number of samples in it, 
this tessellation is subdivided and perturbed to 
approximate the initial geometry. 



If there are many vertices in the neighborhood, we 
apply one step of subdivision to this triangulated region. 
We then move each newly created vertex Vnew along LSQ's 
normal direction towards the vertex Vciosest = ininvevneighborhood 



Overdrawing is shown in Figure 19: 

Overdrawing is an operation that allows a drawing to be 
edited after it has been cre.ated. Cohen et al. experimented 
with the overdrawing of screen-space curves. When a stroke 



I I ^new ^closest I I • 
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begins close to an extant drawing region (tolerance is set 
according to user skill) , the drawing is perturbed toward 
the overdrawing finger. 

At each time step, for each finger sample f and vertex 
V that is close to f we apply 



where f is f 's normal and k = minvevd I |v-f | | . 

Although only a few embodiments have been disclosed in 
detail above, other modifications are possible. For 
example, while the above describes tracking hand position, 
it is also possible to track positions of other body parts, 
e.g., the foot, tongue, eyes or the like. 

All such modifications are intended to be encompassed 
in the following claims. 



||/-v|| + ^ + l 
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